Small-x, diffraction and vector mesons by Lappi, T.
Small-x, Diffraction and Vector Mesons
T. Lappi∗
Department of Physics, P.O. Box 35, 40014 University of Jyväskylä, Finland
Helsinki Institute of Physics, P.O. Box 64, 00014 University of Helsinki, Finland
E-mail: tuomas.v.v.lappi@jyu.fi
This talk discusses recent progress in some topics relevant for deep inelastic scattering at small x.
We discuss first differences and similarities between conventional collinear factorization and the
dipole picture of deep inelastic scattering. Many of the recent theoretical advances at small x are
related to taking calculations in the nonlinear saturation regime to next-to-leading order accuracy
in the QCD coupling. On the experimental side significant recent progress has been made in
exclusive and diffractive processes, in particular in ultraperipheral nucleus-nucleus collisions.
XXIII International Workshop on Deep-Inelastic Scattering
27 April - May 1 2015
Dallas, Texas
∗Speaker.
c© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). http://pos.sissa.it/
ar
X
iv
:1
50
8.
05
18
0v
1 
 [h
ep
-p
h]
  2
1 A
ug
 20
15
Small-x, Diffraction and Vector Mesons T. Lappi
1. Introduction
Our understanding of DIS at small x is evolving rapidly due to theoretical advances, current
and anticipated experimental progress and exploitation of the complementarity between different
processes. It is impossible to try to give an exhaustive review here, and therefore this paper will fo-
cus on three core topics. We will first discuss the differences and similarities between the collinear
factorization picture used by the largest part of the community represented at the DIS 2015 confer-
ence and the dipole picture that is very convenient for understanding QCD in the small x saturation
limit. We will then move to a biased selection of the topics that are discussed also elsewhere in
these proceedings. Two of the important advances in small-x theory recently have been the sig-
nificant progress in pushing cross section calculations to the next-to-leading order accuracy in the
QCD coupling also in the nonlinear saturation regime, and opening up new connections between
small x physics and spin physics. On the experimental side, in addition to final HERA analyses and
preparatory work for a new generation of high energy DIS experiments, there are many interest-
ing LHC results on ultraperipheral (i.e. photon-proton or photon-nucleus) collisions that are very
relevant for this context. The discussion here will stay in the regime of weak coupling physics,
unfortunately leaving aside recent progress in soft diffraction and central exclusive production.
2. Different views of small-x physics
2.1 Dipole picture and collinear factorization
Figure 1: DIS process in the
IMF: a virtual photon interacts
with a pre-existing quark in the
target.
In QCD one cannot calculate cross sections exactly. Instead,
one arranges the calculations in a perturbative series assuming
a small value for the coupling constant. When the scattering
process studied involves QCD bound states, as is the case for
DIS, one needs to separate the part of the process that can be de-
scribed using weak coupling from the nonperturbative hadronic
physics. The latter must then be parametrized by some functions
of appropriate kinematical variables which must ultimately be
obtained from experimental data or, in principle, from lattice cal-
culations. A priori, there is no unique way to decide what are the
best degrees of freedom to describe the nonperturbative part of
the process. Different scattering processes or different kinemati-
cal regimes might be more optimally described using a different
language. In order for the theory to have predictive power, the
nonperturbative description should be as universal as possible.
This means that the same degrees of freedom can be used in descriptions of different processes,
e.g. measured in one process to calculate a genuine prediction for the cross section of another.
It is also helpful, if not strictly speaking necessary, for the description to be related to a simple
physical picture of the nonperturbative QCD bound state. A cross section is naturally a Lorentz
invariant quantity and as such independent of the frame in which one decides to view the process.
The microscopic degrees of freedom describing a QCD bound state can, however, be very different
in different Lorentz frames. These different ways of viewing the nonperturbative structure of the
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bound state can be naturally adapted to very different schemes of organizing perturbative QCD
calculations. This is indeed the case for the Infinite Momentum Frame (IMF) and the Target Rest
Frame (TRF) (more appropriately the dipole frame) that we will describe in the following. Both
are used to organize QCD calculations into perturbatively calculable parts, a nonperturbative input
and weak coupling renormalization group equations describing the dependence of the nonpertur-
bative input on some kinematical variable. Both have their advantages and disadvantages and are
applicable for partially overlapping sets of scattering processes and kinematical regimes.
Figure 2: Higher order DIS process in the
IMF: a virtual photon interacts with gluon
via a quark-antiquark pair.
The usual perturbative QCD description of a DIS
process is based on the collinear factorization formal-
ism. The most natural physical picture in this case
is the one in the IMF, where the proton moves at a
very high energy. The relevant degrees of freedom
in the proton are then quasi-free partons, quarks and
gluons. The partons are collinear, i.e. they share
a fraction x = k+/P+ of the longitudinal momentum
(more precisely +-momentum) of the proton, but have
a very small transverse momentum kT . According to
a simple uncertainty argument the (light cone) lifetime
∆x+ ∼ 1/k− = 2k+/kT 2 of these fluctuations is long
compared to the resolution scale of the virtual photon,
∆x+∼ 1/q−∼ k+/Q2. Thus the process can be viewed
as a virtual photon instantaneously measuring the par-
tonic content of the proton; to leading order just the
quark distribution, see Fig. 1. Using light cone quanti-
zation, one can relate the cross section to the Fock state
decomposition of the proton.
Figure 3: Leading order DIS process in the
dipole picture: the virtual photon splits into
a quark-antiquark pair, which interacts with
the target.
To leading order in perturbation theory, the vir-
tual photon only measures the quark number density in
the target proton, see Fig. 1. QCD dynamics is probed
in the collinear picture when one goes beyond lead-
ing order, e.g. in the process shown in Fig. 2. The
degrees of freedom used to parametrize the nonpertur-
bative physics of the proton are number densities of
quarks and gluons, i.e. parton distribution functions
(PDF’s). By extracting the leading large transverse
momentum Q2 behavior of the higher order diagrams
such as Fig. 2, one can derive the DGLAP renormaliza-
tion equations, which describe the dependence of these
PDF’s on the external virtuality Q2. The kinematical
regime of validity of the decription for sufficiently in-
clusive processes is very broad; the longitudinal momentum fraction x can be arbitrary as long as
the momentum scale Q2 is large enough.
Now let us look at the same process in a different frame where the target proton moves slowly,
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but the virtual photon has a large momentum q+. Now, according to exactly the same kinematical
argument as above, quantum fluctuations in the virtual photon exist on a much longer timescale than
the interaction. They are then instantaneously struck by the color fields in the target proton. During
this short interaction time the structure of the probe γ∗ is frozen. A natural method to understand
this process is to light cone quantize the virtual photon. Since it is a clean and controlled object and
not a complicated QCD bound state, the light cone quantization part of the calculation is purely
perturbative. The nonperturbative object describing the target, on the other hand, is its scattering
amplitude with the probe. The microscopical description of the target naturally associated with this
picture is as a classical strong color field. Since the probe has a high energy, its interaction with
this field can be calculated using the eikonal approximation.
Figure 4: Next to leading or-
der DIS process in the dipole
picture: the virtual photon
state also has a quark-antiquark-
gluon component.
The lowest nontrivial component in the γ∗ state that can in-
teract with a target color field is a quark-antiquark dipole, Fig. 3.
As in the collinear picture, QCD dynamics comes in when one
moves to higher order in perturbation theory. In this case the
perturbative expansion is the one describing the virtual photon,
and the NLO correction involves the inclusion of an additional
gluon in the virtual photon state, as depicted in Fig. 4. At least
in the large Nc limit, or more generally using a more explicit
model for the scattering, e.g. the classical field picture, the scat-
tering amplitude of the qq¯g state can be related to that of the
original dipole. The integration over the phase space of the ad-
ditional gluon yields a correction to the cross section of the orig-
inal dipole that is enhanced by a large logarithm of the energy
W 2. These logarithms can then be resummed into a renormalization group equation: BK [1, 2]
or JIMWLK [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13] that describes the dependence of the scattering
amplitude on the energy. The procedure is completely analogous to the physics of DGLAP, with
ln1/x playing the role of lnQ2 as the large logarithm resummed and the scattering amplitude the
role of the PDF’s as the function describing the target. The downside of this picture is that it is only
applicable at small x, with Q2 not too large but large enough for the coupling to be weak. But to
compensate for this there are several advantages. Since one is working directly with the imaginary
part of the forward elastic scattering amplitude, i.e. the total dipole-target cross section, imple-
menting unitarity constraints is straighforward and transparent. The same amplitude is also probed
in elastic processes, i.e. diffractive DIS, which enhances the predictive power of the framework.
This should be contrasted with collinear perturbation theory, where diffractive PDF’s are usually
fit to data independently from the inclusive ones. Also, since one is not counting gluons in the
target but treating them coherently as a color field, the formalism is much more naturally suited to
describing the nonlinear physics of gluon saturation.
2.2 Gluon saturation
The physical picture of renormalization group evolution in the collinear framework is one of
a cascade, where partons split by gluon emission and pair creation. As the virtuality Q2 or energy
∼ 1/x increases, there is phase space for more of these splittings, and the number of partons grows.
At some point in the cascade it is possible that the phase space density of gluons is large enough for
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also mergings of gluons to become important. We can parametrically estimate when this happens
using the following simple argument [14]. We can assume, by the uncertainty principle, that one
gluon accupies an area∼ 1/Q2 in the tranverse plane. The number of these gluons per unit rapidity
in a proton of area piR2p is given by the gluon distribution xG(x,Q2). Thus the number of gluons
in a cell of size 1/Q2 is given by the gluon density times the area of the cell ∼ (xG(x,Q2)/piR2p)×
(1/Q2). For gluon mergings to be important they must overlap enough to pay the price of the cou-
pling αs in the probability for merging. This leads to the estimate that the gluon mergings become
important when xG(x,Q2)/(Q2piR2p)& 1/αs. The x-dependent value of the characteristic transverse
momentum scale at which this happens is known as the saturation scale Qs; it is the solution of the
equation
Figure 5: Linear and nonlinear cascade of gluons
piR2pQ
2
s ∼ αsxG(x,Q2s ). (2.1)
This equation is naturally an order of
magnitude estimate, and the exact nu-
merical value of a characteristic mo-
mentum scale depends on the precise
definition. We will argue in the follow-
ing that it is more natural to give such a
definition in the dipole picture. Diagrammatically this transition from a cascade of pure splittings
to one which also includes mergings could be illustrated by something like Fig. 5. In practice it is
difficult to work quantitatively with gluon merging diagrams of the kind sketched in Fig. 5 (how-
ever, for an interesting attempt to introduce saturation into a Monte Carlo cascade see [15]). Thus
the IMF collinear picture is not very convenient for understanding saturation quantitatively. It is
also not clear whether the chosen degree of freedom, a number density of gluons, is conceptionally
meaningful in a regime of important nonlinear interactions between them.
In the dipole picture the same phenomenon of parton saturation appears in a very different
way. The target proton is described by a dimensionless (imaginary part of the forward elastic)
scattering amplitude N , which is related to the total dipole-target cross section by the optical
theorem σ = 2
∫
d2bTN . The amplitude naturally varies between no interactionN = 0 and total
absorption, i.e. the black disk limitN = 1 (in principle unitarity allows values up toN = 2). We
are working in the eikonal approximation where the size of the dipole r ∼ 1/Q stays fixed during
the interaction. Since a dipole of size r = 0 is a color neutral object and should not interact in
QCD, we know that N (r = 0) = 0. For small enough dipoles the scattering should be weak and
dominated by the perturbatively leading process of two-gluon exchange. Indeed one has
σ ∼ 2piR2pN (r)∼ αsr2xG
(
x,Q2 ∼ 1/r2) for r→ 0. (2.2)
Now we can immediately see that the perturbative two-gluon exchange approximation cannot re-
main valid for arbitrarily large dipoles, i.e. small Q2. Some mechanism involving multiple gluon
ecxhanges must begin to be important when N ∼ αsr2s xG(x,Q2 ∼ 1/r2s )/(piR2p) ∼ 1. With the
identification Qs = 1/rs this is exactly the same saturation condition that we obtained previously
in Eq. (2.1). The difference is that now the phenomenon does not appear to follow from nonlinear
gluon dynamics. Instead it is required by unitarity and must, and easily can, be built into the for-
malism used. This is the case in the CGC framework, and in particular for the BK and JIMWLK
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equations. In practice this is done by assuming that the target is described by a strong color field,
with which the quark and antiquark in the dipole interact eikonally by picking up an SU(Nc) Wilson
line
V = Pexp
{
−ig
∫
dx+A−
}
. (2.3)
The dipole amplitude then turns out to be a correlation function of two of these Wilson lines
N (rT = xT −yT ) = 1− 1Nc
〈
TrV †(xT )V (yT )
〉
, (2.4)
automatically satisfying the requirementsN (r = 0) = 0 andN (r→ ∞) = 1 (since at large sepa-
rations the Wilson lines are uncorrelated and average separately to zero for strong fields).
3. NLO theory
3.1 Evolution equations
rT
r′T
rT − r′T
Figure 6: Diagrams needed to derive the BK equation.
As discussed above,
by including one addi-
tional gluon to the dipole
(see Fig. 6), relating the
qq¯ and qq¯g cross sections
to each other using the
large Nc mean field limit
and picking up the lead-
ing logarithm of x from the integration over the phase space of the gluon one can derive the leading
order BK equation for the y = ln1/x-dependence of the scattering amplitudeN :
∂yN (rT )=
αsNc
2pi2
∫
d2r′T
rT 2
r′T
2 (r′T − rT )2
[
N
(
r′T
)
+N
(
rT − r′T
)−N (r′T )N (rT − r′T )−N (rT )] .
(3.1)
In the linear limit (dropping the N 2-term) this reduces to the LO BFKL equation. The BFKL
equation has been known to NLO accuracy for some time [16, 17, 18]. At the NLO level one
starts also picking up large logarithms of transverse momenta, which were subsequently resummed
in Mellin space [19, 20, 21, 22] in order to get a meaningful result. The NLO version of the
nonlinear BK equation [23] (see also the equation [24] for the baryon operator) has also been known
for several years. A full numerical solution of this equation, was, however, performed only very
recently [25] (see, however, previous numerical studies [26]). As could be expected, it suffers from
the same problems with large transverse logarithms as NLO BFKL. Resumming them in the case of
the nonlinear equation requires, however, different methods that are only now being developed [27,
28]. At the time of the DIS 2015 conference, the state of the art for phenomenological applications
is still the leading order BK equation, supplemented with running coupling corrections.
The BK equation uses a mean-field approximation (replacing
〈
DˆDˆ
〉→ 〈Dˆ〉〈Dˆ〉, where Dˆ =
1
Nc
TrV †V is the dipole operator) to close the equation. Without this approximation one obtains a
more general infinite hierarchy of equations that couples expectation values of different products
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of Wilson lines. This hierarchy can be equivalently written as a renormalization group equation
for the probability distribution of Wilson lines, and is known as the JIMWLK equation. While the
NLO JIMWLK equation cannot directly be read off from the NLO BK equation, the loop integrals
required in deriving the two are mostly the same. This has very recently made it possible to derive
the NLO JIMWLK equation [29, 30], relying heavily on these earlier results.
3.2 Forward particle production in pA
Figure 7: Left: A contribution to the NLO impact factor for DIS. Right: A contribution to NLO exclusive
vector meson production.
For a full NLO calculation of a physical cross section the evolution equations by themselves
are not enough. One must also calculate the parts of the process without a large resummed loga-
rithm to NLO accuracy. For the case of DIS this means the full calculation of diagrams such as
the one in Fig. 7, where the leading high energy logarithm gives the LO evolution equation and the
remainder is a part of the NLO ”impact factor”. This has been done in two separate papers [31, 32]
using a slightly different formalism. The consistency of these two results with each other is yet
to be confirmed, and neither of them has yet been applied to practical phenomenology. A similar
calculation, involving the modeling of the qq¯g state in a vector meson wavefunction (see Fig. 7)
would be required for exclusive vector meson production.
q(x,Q2) Dq→h(z,Q2)
Figure 8: Forward particle production at
leading order.
While progress in NLO DIS phenomenology has
been slower, there has been much activity recently
on calculating particle production in forward proton-
nucleus collisions to NLO. Here the physical picture
(see Fig. 8) starts from a high-x quark or gluon from
the proton, described using a conventional collinear
PDF. The quark passes through the strong color field
of the target nucleus, acquiring transverse momentum
from the intrinsic kT of the small-x gluons in the target
and finally fragments into hadrons. The fragmentation
can be described by conventional fragmentation func-
tions, but the interaction with the target is given by the
same Wilson line as the quark and antiquark in DIS, Eq. (2.3). When the eikonal quark-target
scattering amplitude is squared, one obtains a cross section which is essentially given by just the
Fourier-transform of the (DIS) dipole cross section (2.4).
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Figure 9: Real (left) and virtual (right) NLO corrections to quark production in forward proton-nucleus
collisions.
Figure 10: LO and NLO single inclusive cross sec-
tions from [33] compared to BRAHMS data.
At NLO accuracy one needs to con-
sider the one loop corrections, e.g. the ones
shown in Fig. 9. Some years back Chirilli
et. al. [34, 35] demonstrated that, as ex-
pected, the appropriate logs of x and Q2 in
these contributions can be factorized into the
BK evolution of the target amplitude and the
DGLAP evolution of the probe PDF and the
fragmentation function. Unfortunately at-
tempts to apply these results led to very large
NLO corrections that, at high pT , made the
total cross section negative [33] (see Fig. 10).
Several authors have tried to understand this
problem [36, 37, 38, 39] and propose solu-
tions. While some progress has indeed been
made on the matter, it seems fair to say that
the question of NLO particle production is still unsettled, and still an area of active study.
3.3 Transverse momentum and spin
The conventional operator definition for the transverse momentum dependent (TMD) gluon
distribution is
xG(x,kT ) =
∫ dx− d2xT
(2pi)3P+
eixP
+x−−ikT ·xT 〈P|F+i(x−,xT )L F+i(0)|P〉. (3.2)
Since the operator is nonlocal, the two insertions of the field strength tensor F i+ have to be con-
nected by a gauge link L , which follows a path that can be different for different processes.
With a more general Lorentz index structure one can also write down similar expressions for
spin dependent distributions. A major advance in the field in recent years has been to under-
stand [40, 41, 42, 43, 44] how these different TMD distributions can, at small x, be expressed in
terms of the Wilson lines (2.3). In the conventional perturbation theory framework the different
distributions must be separately fit to separate experimental data. Being able to express them all in
terms of the same Wilson line greatly enhances the universality and predictive power of the theory.
In the CGC framework one can, for example, use only F2 structure function data to fit the initial
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conditions for the BK evolution of the distribution of Wilson lines. These can then be used to
calculate various TMD and spin distributions without any additional experimental data.
One example of such a TMD distribution is the linearly polarized gluon distribution [45]. Ex-
perimentally it is probed in dijet production in DIS, where the dependence of the cross sections
on the azimuthal angle between the total and relative transverse momenta of the two jets (i.e. the
angle between kT 1 + kT 2 and kT 1− kT 2, where kT 1 and kT 2 are the transverse momenta of the
jets). Measurements of multiparticle azimuthal correlations are a subject of much interest also in
heavy ion collisions, where they are created in abundance by collective effects in the plasma. In-
deed, starting from a coordinate space asymmetric initial distribution of matter as in a noncentral
heavy ion collision, hydrodynamical flow generates strong anisotropies in momentum space due
to the anisotropy of pressure gradients. The similar experimental signature of these very differ-
ent physical effects, collective flow in QCD matter and polarization and correlation effects that
are present already in DIS, makes the interpretation of multiparticle correlations measurements in
proton-proton and proton-nucleus collisions very challenging.
1/Qs
Figure 11: Color fields seen
by dilute probe.
In the CGC picture, the mechanism for generating azimuthal
correlations whithout collective final state effects has a very intu-
itive physical interpretation, which is easiest to describe in the case
of a dilute object (dipole, forward proton) colliding with the dense
color field [46]. The picture of particle production in this case is
that of the particles from the probe passing through target that con-
sists of domains of transverse color electric field (Fig. 11). The size
of these domains in coordinate space is∼ 1/Qs, which corresponds
to the target consisting of gluons with kT ∼ Qs. Particles from the
probe that pass through the same domain in the target and that have
the same color experience the same color electric field and are de-
flected in the same direction. This naturally leads to an angular correlation between these particles,
and has been put forward [47, 48, 49, 50] as an at least partial explanation for many such correlation
phenomena seen in proton-proton and proton-nucleus collisions.
4. Exclusive processes
Let us finally move to a topic where recent progress has been more experimentally driven,
namely exclusive processes and in particular vector meson production. One of the strengths of
the dipole picture is that the cross section is given by the square of the same elastic dipole-target
scattering amplitude that determines the total cross section. This enables a direct relation between
inclusive diffraction and the total cross section [51, 52, 53]. The additional ingredient needed
for the description of exclusive vector meson production is the transition matrix element from
the dipole to the vector meson bound state. This leads one to focus attention on heavy quark
mesons, whose bound state properties can to some degree be understood perturbatively. In light
cone quantization this information is expressed in terms of the so called vector meson (light cone)
“wavefunction” (see Fig. 12).
Exclusive processes can provide important constraints for models of small x gluons. How-
ever, due to the additional complication of the vector meson bound states, systematical studies
9
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Figure 13: ALICE results for coherent J/Ψ production compared to theoretical models, from [56]
are needed as a function of x, Q2 (see e.g. [54]), vector meson species and nuclear mass number.
Figure 12: Total DIS cross section via the optical theo-
rem (left) and the amplitude for exclusive vector meson
production (right). The circled blob is the common am-
plitude, while the box surrounded by the dashed circle
is the vector meson light cone wavefunction.
While waiting for an Electron-Ion Collider
to explore the full parameter space, the nu-
clear mass number dependence can be ad-
dressed in the photoproduction limit Q2 =
0 by ultraperipheral nucleus-nucleus col-
lisions (UPC’s) at the LHC and at RHIC.
The idea with UPC is to use the high elec-
tric charge of the fully ionized nucleus as a
source of real photons. By triggering on
events with no hadronic activity (besides
the vector meson) one restricts the impact
parameter to be beyond the range of the
strong interaction; hence the term ultraperipheral. Using the equivalent flux of Weizsäcker-
Williams photons from the ion one can relate the measured cross section to the photon-nucleus
(or photon-proton) cross section.
Experimental studies of exclusive vector meson production are often portrayed as measure-
ments of the nuclear gluon distribution. This interpretation is based on the formula that relates the
exclusive vector meson cross section to the target gluon distribution as
dσ γ∗H→V H
dt
∣∣∣∣
t=0
=
16pi3α2s Γee
3αemM5V
[
xg(x,Q2 = M2V )
]2
. (4.1)
This equation is in fact [55] the small r limit of the dipole model calculation, where the dipole
cross section is related to the gluon distribution as in Eq. (2.2) and the wavefunction is reduced to
its behavior around the origin, where it can be related to the electromagnetic decay width of the
meson Γee. Some of the theory calculations are indeed based on this formula, usually supplemented
with phenomenological corrections for the normalization. In the CGC picture, however, it is natural
to go beyond the small-r limit and include the full integral over different size dipoles.
In the case of nuclear targets one distinguishes two classes of events: coherent, where the
nucleus stays intact in its ground state, and incoherent, where it breaks up, but only into color
neutral protons and neutrons, preserving the rapidity gap characteristic of diffractive events. Co-
herent events dominate for small momentum transfers to the target |t| ∼ 1/R2A, where RA is the
10
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nuclear radius. For |t| ∼ 1/R2p, which is the typical momentum transfer for exclusive ep events, the
incoherent process dominates. Even here, however, the cross section is very much affected by nu-
clear effects, being suppressed by a factor ∼ 3 [57] compered to A times the nucleon cross section.
This suppression can be understood as arising from a “survival probability”, where the (virtual)
photon, after interacting elastically with one nucleon, must not interact inelastically with spectator
nucleons to preserve the rapidity gap. The ALICE collaboration distinguishes between these two
classes largely based on the transverse momentum of the vector meson which, for Q2 = 0, is the
same as the recoil momentum of the nucleus. The coherent cross section is related to the average
gluon density in the nucleus, while the incoherent one directly measures the fluctuations [57]. This
interpretation is very implicit in the SARTRE event generator [58]. Thus the incoherent data pro-
vides an important constraint on the fluctuating nuclear geometry that has become an important
aspect of interpretations of heavy ion collisions, and deserves to be better addressed by the theory
community.
-0.1 0 0.1 0.2 0.3 0.4 0.50
1
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7
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CDF (UPC pp)
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Figure 14: Ratio of J/Ψ to Ψ(2S) photoproduction
cross sections from γ-proton collisions compared to
the ALICE result from γ-nucleus collisions [59].
Figure 13 shows first results on J/Ψ
production from ALICE [56, 60] compared
to theory calculations. Results have also
been published by LHCb [61] (γ-proton col-
lisions) and CMS [62] (γ-nucleus collisions).
A particularly interesting result from ALICE
is on the Ψ(2S) to J/Ψ cross section ratio
(see Fig. 14), which is measured to be ap-
proximately twice as large as in γ p colli-
sions. In the dipole picture the cross section
of the 2S state is suppressed with respect to
the 1S state due to the “node effect”, i.e. a
cancellation between different sign parts in
the excited state meson wavefunction. Since
the increased saturation scale diminishes the
relative importance of the large-r cross section, this node effect cancellation is naturally weaker for
nuclei than for protons. In practice, however, it is difficult to see how the effect could become as
large as indicated by the ALICE data. With many of the measurements still statistics limited, we
can expect many more such interesting results from the future LHC runs.
5. Conclusions
In conclusion, we have here discussed some recent focus areas in small-x physics, concentrat-
ing in particular on developments in the nonlinear gluon saturation regime. On the theory side,
there is a systematical effort to push calculations to NLO accuracy. In spite of the recent progress
there is still work to do to understand the interplay of small x and large Q2 logarithms at the NLO
level. Another related area have been connections between the saturation formalism and that of
TMD gluon distributions. Also here, the understanding of the formal theory side has improved
significantly, but there is still much to do to turn these ideas into precision phenomenology. We
11
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have also discussed recent experimental progress, in particular with exclusive photoproduction of
vector mesons at the LHC.
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